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Summary: The aim of this study was to validate a device developed previously to measure laxity of murine 
knee joints and to investigate whether experimentally induced pathological conditions result in measurable 
laxity. The laxity characteristics of normal murine knee joints were derived from measurements of 25 left 
knees of normal mice. Reproducible, nonlinear s-shaped load-displacement curves were determined, and 
parameters of anterior-posterior translation, varus-valgus rotation, and compliance were calculated from the 
curves. No differences were found between the left and right knee joints of eight mice. The average displace­
ment between 0.8 N of anterior force and 0.8 N of posterior force was 0.47 ± 0.10 mm, The endpoint 
compliances for anterior and posterior displacements were 0.16 ± 0.03 and 0.16 ± 0.04 rnm/N, respectively. 
The average rotation between a 4 Nmm valgus moment and a 4 Nmm varus moment was 17.4 ± 3.3 \  The 
endpoint compliances for varus and valgus rotations were 1.1 ± 0,7 and 1.0 ± 0.3 °/Nmm, respectively. 
Storage of the joints at -70°C had no effect on laxity. We also studied the parameters of laxity after pathology 
of the knee joint was induced. Zymosan-induced or antigen-induced arthritis did not increase laxity of the 
joint. In an osteoarthritis model induced by injection of collagenase, laxity was markedly increased. In con­
clusion, laxity in the knees of mice can he measured reproducibly, and changes in the characteristics of laxity 
due to pathological conditions can be quantified.
Osteoarthritis is a progressive degenerative disease not to cartilage. We hypothesize that osteoarthritic
of the joints, characterized by focal loss of cartilage, changes develop due to joint laxity caused by degra-
formation of new bone at the margins of the joint, dation of structures containing type-I collagen, such as
fibrosis o f the joint capsule, and sclerosis of the sub- ligaments, In humans and in animal models in mice,
chondral bone. The etiology of the disease is thought osteoarthritic changes commonly are found in the late
to be multifactorial. Joint laxity is well known to be stages of chronic inflammation of the joint (29,30). The
involved in the developm ent of osteoarthritis in hu- osteoarthritis-like changes may be due to laxity of the
mans as well as in animal models (1,4,5,11,13,15- 
19,23,25,26). Laxity of the joint can be caused by 
damage to ligaments or menisci. In humans, overload-
joint induced by mediators released in inflammatory  
arthritis.
These hypotheses of increased joint laxity due to
ing, as may occur in traumatic events, can lead to injection of collagenase or induction of arthritis can
ligamentous lesions. Furthermore, it is possible that be tested by measurement of joint laxity in murine
the bulk of mediators and enzymes released in inflam- knees after pathology is induced. Standardized in-
matory conditions lead to damage of the ligament or strumented tests of instability have been successfully
performed on human knees in v ivo  and in vitro  and
Recently, van der Kraan et al. (31) developed a on lapine, canine, and caprine knees in vitro  (2,6,9,12,
model for osteoarthritis o f the knee in mice. A  single 14,20,21,24,34). In an analogous study, an anterior-
intra-articular injection with highly purified bacterial posterior and a varus-valgus tester were developed for
meniscus.
the murine knee (3). The present study was carried out 
to examine the reliability of this device and to inves-
collagenase caused histological changes, after a month, 
that mimicked those in osteoarthritis in humans. In an 
early stage, histology showed damage to ligaments but tigate the possibility of quantifying changes in laxity
in normal and pathological murine knee joints. There­
fore, the amount and variation of anterior-posterior 
laxity and varus-valgus laxity of 25 normal murineReceived February 16,1994; accepted October 13.1994. 
Address correspondence and reprint requests to G.J.V.M. 
van Osch at Department of Rheumatology University of Nij­
megen, P.O. Box 9101,6500 HB Nijmegen, The Netherlands.
knee joints in vitro were examined. The variability 
between left and right knees was studied, because usu-
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FIG. 3. A typical, representative anterior-posterior laxity curve of 
a normal murine knee joint. The lower curve represents displace­
ment from posterior to anterior and the upper curve shows dis­
placement from anterior to posterior due to applied loads.
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FIG. 4. A typical, representative varus-valgus laxity curve of a 
normal murine knee joint. The lower curve represents rotation 
from valgus to varus and the upper curve shows rotation from 
varus to valgus due to applied moments.
for measurements to he made at a later time. To study the effects 
of freezing and Lhawing on murine knees in our system, we com­
pared the laxity parameters of eight fresh knee joints with those 
of eight frozen ones,
Induction of Inflammation and Osteoarthritis
The effect of inflammation was investigated with use of two 
models: an acute model induced by a single injection of zymo­
san and a chronic antigen-induced arthritis model induced by 
injection of methyl bovine serum albumin into immunized mice 
(30). For the zymosan model, 180 {.tg of zymosan was injected 
intra-articulurly into eight knee joints. For the antigen-induced 
arthritis model, 18 mice were immunized with methyl bovine se­
rum albumin in 0.1 ml of Freund’s complete adjuvant emulsion by 
injection into the flank skin and the footpads of the fore limbs. 
Heat-killed Bordetella pertussis organisms (2 x 10*’) (National In­
stitute of Public Health, Bilthoven, The Netherlands) were admin­
istered intraperitoneally as an additional adjuvant. After I week, 
booster injections were given subcutaneously in the neck region. 
Four weeks after the first injections, arthritis was induced by intra- 
articular injection of 60 ¿ig of methyl bovine serum albumin in 6 
pi of phosphate buffered saline.
Osteoarthritis was induced by intra-articular injection of 10 U 
of bacterial collagenase (type VII; Sigma Chemical, St. Louis, MO, 
U.S.A.), dissolved in 6 pi of saline, into the right knee joints of 16 
mice. In a pilot study (data not shown), it was shown that laxity of
the joint can best be measured 3 days after collagenase is injected. 
After day 1, changes in laxity may not be complete; after day 7, 
osteophyte formation may obscure the measurements, The effect 
of inflammation also was measured on day 3. Because antigen- 
induced arthritis is a model for chronic arthritis, and damage to 
the ligament may be induced by the bulk of mediators released 
during a prolonged period of time, laxity also was measured on 
days 14 and 28.
RESULTS 
Normal Knee Joints (Table 1)
Normal knees showed relatively high compliance  
around zero force (0.72 ±  0.32 mm/N), progressively 
decreasing to lower compliance at high anterior force
(0.16 0.03 m m /N at 0.8 N) and posterior force
(0.16 ±  0.04 mm/N at -0 ,8  N) (Fig. 3). The average 
total anterior-posterior shift of a normal murine knee  
joint between 0.8 N anterior force and 0.8 N posterior 
force was 0.47 ±  0.10 mm.
The com pliance around zero m om ent was high 
(5 3  ±  2.6 °/Nmm), progressively decreasing to lower 
compliances at high varus loads (1.1 ±  0.7 °/Nmm at
4 Nmm) and valgus loads (1.0 ±  0.3 °/Nmm at - 4  
Nmm) (Fig. 4). The average total varus-valgus rotation 
of a normal murine knee joint between 4 Nmm of  
varus moment and 4 Nmm of valgus m om ent was
17,4 ±  3.3°.
There was no significant difference betw een left 
and right knees, as is shown in Table 1. The variation 
in laxity parameters between left and right knees was
TABLE 1. La xitv characteristics (mean ± SD)
Parameter
Normal 
murine knees
Left minus 
right knee 
joint" (n -  8)
Anterior-posterior laxity 
Shift (mm)
Posterior (-0.8 N) 
Anterior (0.8 N) 
Total (±0.8 N) 
Compliance (mm/N) 
Neutral (0 N) 
Posterior (-0.8 N) 
Anterior (0.8 N)
Varus-valgus laxity 
Rotation (°)
0.19 ± 0.05 
0.28 ± 0.05 
0.47 ± 0.10
0.00 ± 0,03 
0.01 ± 0.05 
0,01 ± 0.06
0.72 ± 0.32 
0.16 ± 0.04 
0.16 ± 0.03
0,00 ± 0.01 
0.01 ± 0.02
Valgus (-4 Nmm) 5,5 ± 1.6 -0.5 ± 1.9
Varus (4 Nmm) 11.8 ± 2.9 0.8 ± 6.4
Total (±4 Nmm) 17.4 ± 3.3 0.4 ± 5.0
Compliance (°/Nmm)
Neutral (0 Nmm) 5.3 ± 2.6
Valgus (-4 Nmm) 1.0 ± 0.3 -0.2 ± 0.5
Varus (4 Nmm) 1.1 ±0.7 -0.3 ± 0.8
“There were no significant differences between left and right 
knees. Positive values indicate that the parameter had a higher value 
in the left limb than in the right limb. Negative values indicate that 
the parameter is higher in the right limb.
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TABLE 2. Laxity parameters o f  frozen and thawed joints compared with fresh joints
Anterior-posterior laxity Varus-valgus laxity
Shift Compii;ance Rotation Compliance
-0.8 N 0.8 N -0.8 N 0.8 N -4 Nmm 4 Nmm -4 Nmm 4 Nmm
Fresh
(n = 8)
0.20 ± 0,02 0.29 ± 0.03 0.17 ± 0.02 0.17 ± 0.02 5.0 ± 1.8 9.9 ± 2.0 0.70 ± 0.21 0,70 ± 0.16
Frozen/
thawed
(n = 8)
0.22 ± 0.03 0.30 ± 0.04 0.17 ± 0,02 0.16 ± 0.02 4.9 ± 0.8 11.8 ± 1.5 0.77 ±0.17 0.72 ±0.12
as high as the variation betw een knees of different be significantly different from our control group. This
inbred animals. showed, however, that in spite of the small variation
in laxity parameters, differences between experiments
Frozen ant hawed oints (Table 2) sometimes did exist. No explanation for this variation
Joints stored for as long ¿is 1 month showed no was found. In general, the deviation from the values
effects of freezing and thawing on anterior-posterior for the 25 normal mice was not large and usually was
or varus-valgus laxity. Therefore, storage of the limbs not significant. In order to prevent false positive re-
at -70°C  appears allowable. Study of the effect of suits, we defined a 95% confidence interval Accord-
freezing joints with increased laxity is difficult because ing to this definition, none of the knees injected with
of the high variation in response between animals. Our zymosan was significantly different from normal.
general impression is that freezing does not influence 
the parameters of laxity o f  pathological knees.
inflammation and Osteoarthritis Models (Table 3)
The injection of zymosan led to swelling of the 
joint and a prominent inflammatory reaction but did
Antigen-induced arthritis showed no effects on  
anterior-posterior laxity on day 3,1.4, or 28. The value  
for varus-valgus rotation was lower on day 28, perhaps 
because of the presence of osteophytes and calcifica­
tion of collateral ligaments. However, the significance 
of these measurements was doubtful because all the
not increase laxity. Although zymosan-injected knees results were within the 95% confidence interval o f  the 
seem ed stiffer in the anterior-posterior direction when values for the normal knees.
compared with the group of 25 normal mice, compar­
ison of the results from the knees injected with zy­
mosan with those of untreated knees of mice of the
Collagenase caused minor inflammation but did 
have pronounced, significant effects on the laxity of  
the injected joints. It did not have any effect on the
same group (data not shown) showed no significant contralateral joint. Considerable variation between  
differences. Those untreated knees did not appear to animals was noted. In general, laxity was increased
TABLE 3. Comparison of laxity parameters among joints (mean ± SD)
Anterior-posterior laxity Varus-valgus laxity
Shift Compliance Rotation Compliance
-0.8 N 0.8 N -0.8 N 0.8 N -4 Nmm 4 Nmm -4 Nmm 4 Nmm
Control (n = 25) 0.19 ± 0.05 0.28 ± 0.05 0.16 ± 0.04 0.16 ± 0.03 5.5 ± 1.6 11.8 ±2.9 1.0 ± 0.3 1.1 ± 0.7
180 }.Lg of zymosan
Day 3 (n = 8) 0.13 ± 0.04" 0.22 ± 0.03" 0.09 ± 0.01" 0.10 ± 0.02" 4.8 ± 1.2 11.8 ± 5.3 1.3 ± 0.5 1.8 ± 0.3
Antigen-induced arthritis
Day 3 (n = 6) 0,21 ± 0.02 0.32 ± 0.04 0.19 ± 0.04 0.19 ± 0.04 6.0 ± 1.7 11.3 ± 1.5 0.9 ± 0.1 0.8 ± 0.10
Day 14 (n = 6) 0.22 ± 0.02 0.33 ± 0.03 0.22 ± 0.05 0.19 ± 0.02 4.6 ± 0.9 10.9 ± 2.1 0.7 ± 0.2 0.8 ± 0.2
Day 28 (n ~ 6) 0.22 ± 0.03 0.34 ± 0.09 0.20 ± 0.06 0.19 ±0.06 3.0 ± 0.8" 9.2 ±  1.8“ 0.6 ± 0.1" 0.9 ± 0.4
10 U of highly purified 
bacterial collagenase
Day 3 (n = 16) 0.47 ± 0.30" 
(0.29)
0.73 ± 0.36" 
(>0
NC NC 29.1 ± 17.4" 
(>45)
25.2 ± 14.5" 
(24.3)
NC NC
For collagenase treatment, mediali values are presented in parentheses.
Maximal displacement in the anterior or posterior direction was 1 mm; maximal rotation in the varus or valgus direction was 45°. 
Compliance values after collagenase injection could not be calculated (NC).
" P < 0.05.
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FIG. 5. Examples of anterior-posterior laxity curves. A: A normal 
knee joint B: A joint showing increased anterior laxity and un­
changed posterior laxity. C: A joint showing a large increase in 
anterior laxity and a slight increase in posterior laxity.
more in the anterior direction than in the posterior 
direction, and valgus laxity was affected more than 
varus laxity. This is more obvious when, instead of the 
average values, the median values (which are more 
accurate, because after injection of collagenase the 
results are not distributed normally) were compared. 
Gross increases in varus-valgus laxity were never ob­
served without gross increases in anterior-posterior 
laxity; gross increases in anterior-posterior laxity were 
seldom observed without changes in laxity in the 
varus-valgus direction.
Som e typical examples are shown in Figs. 5 and 6 . 
Figure 5B demonstrates an increase in anterior laxity 
compared with Fig. 5A, which represents a normal 
knee joint. This increase probably indicates loss of 
function of the anterior cruciate ligament. Posterior 
laxity was unchanged. Injection of collagenase som e­
times led to destruction of both cruciate ligaments. In 
Fig, 5C, an increase in posterior laxity in combination 
with greatly increased anterior laxity is shown. Severe 
damage to the ligaments, shown by a major increase 
in laxity, indicates total loss of function of that liga­
ment. Collagenase also can cause damage to the col­
lateral ligaments. Slightly increased laxity in the valgus 
direction with unchanged varus laxity is shown in Fig. 
6B. It also happens that only varus laxity or both varus 
and valgus laxity are increased (Fig. 6C). Different 
combinations of damage to collateral and cruciate lig­
aments were found.
DISCUSSION
Measurement of the laxity of murine knee joints 
requires detection of small forces and displacements; 
however, this was shown to be possible with sufficient 
accuracy. The variations in translational and rotational 
laxity parameters of a group of normal mice of an 
inbred strain appeared to be small. Parameters of 
compliance showed more variation. The good repro­
ducibility, due in part to limited genetic variation, 
probably was mainly due to the careful positioning of  
the limbs (24,35,36), which was made possible by the 
use of the special device. The positioning can be per­
formed in a standardized way because the variation in 
skeletal morphology in mice 10-14 weeks of age ap­
pears to be small (3).
The shapes of the curves very much resemble those
-2,5
(NmmI
FIG. 6. Examples of varus-valgus laxity curves. A: A normal knee 
joint. B: A joint showing increased valgus laxity and unchanged 
varus laxity. C: A joint showing a major increase in valgus laxity 
and a slight increase in varus laxity.
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found for human knees by Edixhoven et al. (8,9). This 
confirms the reliability of our measurements of laxity. 
In human knees, considerable scatter is found in left-
sign; differences in angle of knee flexion or degrees 
of freedom can lead to variable contributions of the
structures to laxity of the joint (14,24,27,28,35). To
right differences in normal subjects (22). Left-right provide more insight into the meaning of increased  
differences appeared to be distributed normally in laxity in our experimental setting, ligaments were sec- 
normal subjects but not in injured subjects (6,21 ,22). tioned to study their contribution to joint stability in  
In our population of mice, the left and right knees of the anterior-posterior and varus-valgus directions. It 
any one particular mouse appeared to be as similar as was quite possible to section the collateral ligaments.
Sectioning of the posterior cruciate ligament was lessknees of different mice. The differences between left
and right knees of normal mice showed a normal dis- reproducible, and sectioning of the anterior cruciate 
tribution, with the mean near zero. ligament could be performed with acceptable accu- 
In the literature, the reported effects of freezing on racy only in combination with sectioning of the poste- 
properties of the ligament are contradictory. Woo et rior cruciate ligament. These experiments showed us 
al. (33) did not find any significant effect of freezing. that, in this experimental setting, anterior-posterior 
Only the first cycles showed a decreased hysteresis laxity is determined mainly by the mechanical prop- 
loop, the importance of which is not clear. According erties of the cruciate ligaments. This also was found  
to D orlot et al. (7), however, ligaments become stiffer for humans, although sectioning of the medial collat- 
after being frozen. In our system, storage at -70°C  did eral ligament, posterior capsule, or menisci was shown  
not alter the laxity parameters. Storage for longer pe- to have little influence on anterior-posterior laxity 
riods is expected to be acceptable too, because any (10,20). Varus-valgus laxity is affected by sectioning of  
damage probably will occur mainly during the pro- collateral ligaments. Although transection of the m e- 
cesses of freezing and thawing. We did not find any dial collateral ligament caused an increase in valgus 
effects o f  freezing and thawing. This would allow stor- rotation in humans and in mice (about 10° in m ice), 
age of limbs at -70°C  until they are used for anterior- transection of the lateral collateral ligament (alone or
in combination with the popliteal tendon) caused an 
increase in varus rotation in humans but had no effect
posterior or varus-valgus testing.
Significant increases of laxity were never seen after
injection of the highly inflammatory agent zymosan or in our setting (6,20,27). Varus-valgus rotation is not
in mice with antigen-induced arthritis. These results determined only by the mechanical function o f  the
indicate that inflammation does not evoke significant collateral ligaments but also may be influenced by the
changes in laxity. Although the possibility of the exis- function of the cruciate ligaments and menisci, al-
tence of small changes in laxity, unmeasurable with our though results from the literature are contradictory,
device, cannot be com pletely ruled out, it is concluded Markolf et al. (20) found that varus-valgus laxity was
that changes in cartilage seen in the chronic phase of relatively unaffected by transection o f  the anterior
antigen-induced arthritis are caused not by changes in cruciate ligament, whereas Seering et al. (27) and
laxity but by a direct effect of inflammatory mediators Dahlkvist and Seedhom (6) observed that valgus lax-
on the cartilage. Changes in laxity were measurable in ity can be increased after transection of the posterior
the osteoarthritis model, however. Induction of insta- cruciate ligament and that varus laxity can be in­
creased after transection of the anterior cruciate liga­
ment, We also found that elimination of the cruciate
bility of the joint by collagenase therefore can be seen  
as a specific process. This makes it highly likely that 
osteoarthritic changes due to injection of collagenase ligaments can increase varus-valgus laxity. In our in- 
are predominantly induced by instability of the knee vestigation, sectioning of only one ligament never in ­
joint. We showed earlier that in vitro  incubation of duced total laxity of more than 1 mm in the anterior 
intact patellae with collagenase had no effects on the or posterior direction or more than 45° in the varus or 
metabolism of cartilage (32). After collagenase is in- valgus direction. Gross laxity can only be due to com- 
jected, the differences between the injected right knee bined insufficiency of several ligaments and the joint 
and the uninjected left knee are no longer normally capsule.
distributed. The extent of the changes in laxity in The choice of the reference points for analysis of
anterior-posterior and varus-valgus directions was anterior-posterior translation and varus-valgus rota-
variable, which indicates that the effect of injection of tion is arbitrary. For anterior-posterior translation, the
collagenase is not always identical. This may explain position where the force is zero while the tibia is
the variations in damage that can occur in this model. moved from posterior to anterior is chosen as a ref-
Exactly what happened to the ligaments after col- erence point. For varus-valgus rotation, the zero load-
lagenase is injected remains uncertain. The results of ing position when the tibia is moved from valgus to
studies concerning the contribution of joint structures varus direction is used. Therefore, caution is needed
to translational and rotational parameters differ. This for statements about comparison of laxities in differ-
can be explained by variations in experimental de- ent directions. When comparison is necessary, it would
J  Orthop Res, Vol. 13, No. J, J995
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be better to consider different points of zero force for 
the various directions. This means that the point of  
zero force of the lower graph in Fig. 3 (motion from 
posterior to anterior) should be used for laxity in the 
anterior direction, and the zero force point on the 
upper graph in Fig. 3 (motion from anterior to poste­
rior) should be used for laxity in the posterior direc­
tion. Application of this principle to our data shows 
that the amount of laxity in the anterior and posterior 
directions becomes equal (approximately 0.30 mm in 
both directions). Varus laxity remains higher than val­
gus laxity in normal murine knee joints, but the differ­
ence becomes much smaller (10.7° of varus laxity and 
9.0° o f  valgus laxity). Although the choice of the ref­
erence point is arbitrary, the absolute amount of laxity 
can be used confidently for comparisons of changes in 
laxity.
We conclude that it is possible to measure laxity of 
murine knee joints reproducibly with the device de­
veloped. Increased laxity in pathologic knees can be 
quantified. For correct judgment of laxity of the knee, 
pathological knees should be compared either with 
the contralateral knee or by application of the 95% 
confidence interval as a definition for normal knee 
joints. In this study, it was shown that inflammatory 
conditions did not induce changes in laxity, whereas 
injection of collagenase affected stability of the liga­
ment. Further study is now possible to investigate 
more precisely the effects of injection of collagenase 
on laxity and the correlation with damage to cartilage.
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